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(54) Cooling of air gap winding of electrical machines 



(57) A stator (5) for a high power density air gap 
electrical machine (2) comprises an outer annular lam- 
inated iron stator core (14) and a stator winding (13) 
comprising a plurality of coils having linear conductor 
portions (16) extending substantially parallel to a longi- 
tudinal axis (C) of the machine. Support teeth (20A, 208) 



for the coils are fabricated from a non-magnetic materi- 
al, with each support being interposed between two ad- 
jacent ones of the linear conductor portions (16) of the 
coils. The supports not only supplement the mechanical 
strength of the winding but also define channels (24A, 
248) fortheflow of coolantto extract heat from the coils. 
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Description 

Field of the invention 

[0001] This invention relates to cooling of electrical 
machines, and in particular, but not exclusively, to the 
cooling of stators in induction machines that produce a 
high magnetic flux density. 

Background of the invention 

[0002] Induction machines have been known for well 
over a century. Usually such machines comprise a gen- 
erally cylindrical central rotor and an outer annular sta- 
tor, although linear machines are also known. Further, 
it is usual for the conductor coils or windings, which ex- 
tend longitudinally of the stator, to be wound into slots 
provided in a laminated iron stator core in order to en- 
hance the flux produced by the stator windings - i.e.. the 
stator windings pass between laminated iron "teeth" de- 
fined by the sides of the slots. However, in machines 
whose windings are able to produce very high flux den- 
sities (say, in excess of 1 .5 Tesia at the air gap between 
the rotor and the stator), the use of iron stator teeth be- 
comes undesirable, due to increased reactance and 
higher iron losses resulting from magnetic saturation of 
the stator teeth. Consequently; in such machines the 
iron teeth are conveniently replaced by non-magnetic 
teeth for support of the stator windings. The air gap be- 
tween theperiphery of the rotor and the beginning of the 
iron stator core now effectively extends to the t>ottom of 
the stator slots. Because the stator winding is fully within 
this air gap, this type of construction, to which the 
present invention particulariy relates, is known as an "air 
gap winding". 

[0003] Some form of cooling of the stators of such ma- 
chines is of course required. In general, cooling of sta- 
tors of Induction machines is a well known problem 
which has been solved in various ways, e.g., by means 
of cooling passages extending axially and/or radially 
through the stator. WO 01/17094 A1 , for example, 
shows radial cooling air passages provided between ad- 
jacent stacks of toothed laminations in an iron stator 
core. 

[0004] However, such high flux densities as that quot- 
ed above enables design of much smaller machines 
having higher power densities, which results in greater 
generation of heat within the stator windings, but at the 
same time a much reduced surface area for cooling. 
This necessitates a more efficient cooling system than 
known arrangements can provide, in order to prolong 
the life of the machine. 

Summary of the invention 

[0005] It is an object of this invention to provide an air 
gap stator winding in a high power density electrical ma- 
chine with good cooling combined with good structural 



support of the winding. 

[0006] According to a first aspect of the Invention 
there is provided a stator for an air gap electrical ma- 
chine, the stator comprising: 

5 

an outer annular laminated stator core coaxial with 
a longitudinal axis of the machine, 
a stator winding inside the stator core and compris- 
ing a plurality of coils having linear conductor por- 
10 tions, and 

a plurality of supports for the coils, the supports ex- 
tending alongside the linear conductor portions of 
the coils, 

15 wherein the supports are fabricated from a non- 

magnetic material and each support is interposed be- 
tween and in contact with two adjacent linear conductor 
portions of the coils, at least some of the supports de- 
fining channels for flow of coolant therealong, thereby 

20 to extract heat from the coils. 

[0007] Such a structure is advantageous because it 
provides efffcient use of space within the stator, in that 
the cross sectional area of the support that is not re- 
quired for support of the winding can be utilised for the 

25 transport of coolant. 

[0008] Preferably, all the supports define channels for 
the flow of coolant, and the non-magnetic material from 
which they are fabricated is non-metallic, e.g., fibre-re- 
inforced plastic. 

30 [0009] The linear conductor portions of the coils run 
substantially parallel to the longitudinal axis of the ma- 
chine, the supports providing support tor the coils for 
substantially all of the linear conductor portions of the 
coils, cooling of the coils thereby being provided for sub- 

35 stantially their entire linear conductor portions. 

[0010] The coolant flow channels may be defined ei- 
ther intemally or externally of the supports. If the chan- 
nels are inside the supports, the supports may conven- 
iently comprise hollow shells whose walls form the 

40 boundaries of the channel, heat thereby being conduct- 
ed from the coils, through the walls and into the coolant 
flowing therethrough. However, it is preferred that the 
channels are defined on the outsides of the supports, 
between the external surfaces of the supports and the 

45 external surfaces of the coils, so that heat can be trans- 
ferred directly from the coils into the coolant without 
passing through an intermediate wall. 
[001 1 ] In one variant of the invention, the linear con- 
ductor portions of the coils are supported from the sup- 

50 ports through spacers provided between the supports 
and the linear conductor portions, the coolant channels 
thereby being defined between confronting faces of the 
linear conductor portions of the coils and the supports. 
[0012] However, we have found that the best way of 

55 defining the coolant flow channels is by fonning each 
CO 11 -contacting surface of the support with at least one 
depression therein, the depression extending longitudi- 
nally of the support, the boundaries of the coolant flow 



2 



JSDOCID: <EP 1251624A2J_> 



3 



EP 1 251 624 A2 



4 



channels thereby being defined by the depressed parts 
of the external surfaces of the supports and the external 
surfaces of the coils. Preferably, at least two such chan- 
nels are defined between each linear conductor portion 
and each adjacent support. To avoid over-stressing the 
supports, it is preferred that the depressions in the coH- 
contacting surfaces of the supports are of smoothly 
curved concave form when seen in a section which is 
transverse of their longitudinal extents. 
[0013] Preferably, coolant inlet and outlet manifolds 
communicate with respective axially opposed ends of 
the channels to facilitate flow of coolant through the 
channels. 

[0014] The coils include end windings to connect the 
linear conductor portions of the colls to each other, the 
end windings lying in the inlet and outlet manifolds so 
that the same cooling fluid Is used to cool both the end 
windings and the linear conductor portions. 
[0015] In preferred embodiments, the stator winding 
comprises two layers or tiers, these being respectively 
a radially inner layer and a radially outer layer of the lin- 
ear conductor portions of the coils. In this type of wind- 
ing, the end-windings comprise connections between 
the two layers. To provide mechanical strength to react 
torque forces generated by the machine, the two layers 
may be keyed together at a castellated interface be- 
tween the two layers. The castellations may comprise 
supports having differing radial extents such that at least 
some of the supports in at least one of the layers extend 
between the linear conductor portions of the coils in the 
adjacent layer. Additionally, or alternatively, the stator 
winding maybe keyed to the stator core at a castellated 
interface therebetween by the expedient of making the 
radially outer ends of some or all of the supports adja- 
cent the core extend radially beyond the linear conduc- 
tor portions of the coils into matching axially extending 
grooves provided in the stator core. 
[0016] The linear conductor portions of the coils may 
be provided by rectangular bundles of conductofB, the 
rectangular bundles having their major dimensions ex- 
tending in the radial direction. Within the bundles, the 
conductors may also be rectangular and are preferably 
formed from small diameter wires, the wires being insu- 
lated from each other within the conductors. 
[001 7] According to a second aspect of the invention 
there is provided an electric motor or generator having 
a stator according to the first aspect of the invention. 
[0018] According to a third aspect of the invention 
there is provided a method of cooling an air gap electri- 
cal machine comprising passing coolant through chan- 
nels at least partly defined by non-magnetic material 
supports located between and in contact with adjacent 
linear conductor portions of coils comprising a stator 
winding of the machine. A further step comprises pass- 
ing the coolant over end-windings of the stator winding 
before and after passing the coolant through the chan- 
nels. 



Brief description of the drawings 

[0019] There now follows, by way of example only, a 
description of embodiments the invention with reference 
5 to the accompanying drawings, In which: 

Figure 1 shows a partial longitudinal section 
through an air gap induction machine according to 
a first embodiment of the present invention; 

10 

Figure 2 A shows a view of part of a cross section 
taken on line A-A of Figure 1 ; 

Figure 2B is a perspective view of a detail of the 
IS section shown in Figure 2A; 

Figure 3 relates to a second and preferred embod- 
iment of the invention and is a view similar to Figure 
2A but showing a smaller portion of the cross-sec- 
tion in enlarged fomri. 

Detailed description of the preferred embodiment 

[0020] The electric motor 2 shown in Figure 1 com- 
prises an inner rotor 4, indicated diagrammatically by 
dotted lines, and an outer stator 5. Rotor 4 is mounted 
fixedly on a shaft 6 held for rotation on an axial centreline 
C by bearings 7, which are supported by end walls 8 of 
a machine enclosure 9. Stator 5 is held within an exter- 
nal cylindrical stator frame 1 0, which in turn is part of a 
generally cylindrical side wall 11 of enclosure 9. 
[0021] Within the machine enclosure 9, an annular flu- 
id-tight tank 12 encloses the stator 5 and partitions the 
rotor 4 from the stator. The stator itself comprises a 
winding 13 comprising a number of coils and a laminat- 
ed iron core 1 4, the laminations being depicted diagram- 
matically by vertical hatch lines. The coils in the winding 
13 are connected to an electrical supply (not shown) for 
generation of an electromagnetic field which interacts 
with the rotor 4 to rotate it and produce a useful torque 
output on the shaft 6. 

[0022] Although the winding 1 3 is mounted inside the 
iron core 14, there is no magnetic material extending 
between circumferentially adjacent turns of the winding, 
i.e.. for the reasons advanced above in the Background 
to the invention, the winding 13 is an air gap winding. 
As best seen in Figures 2A and 2B, the turns of the wind- 
ing comprise large bundles 16 of conductors 18, each 
bundle 16 having a layer of insulation 22 around its cir- 
cumference and a substantially rectangular cross-sec- 
tion which Is elongate in the radial direction. In this par- 
ticular example, each conductor bundle 16 consists of 
fourteen conductors 1 8, arranged in two columns of sev- 
en, but more or less conductors may be used, as re- 
quired by any particular rating of the machine. Conduc- 
tors 18 are also of substantially rectangular or square 
cross-section (though alternative shapes are possible), 
each conductor being Insulated from the other conduc- 
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tors 18 within the bundle 16 to minimise the formation 
of eddy currents, which would decrease the efficiency 
of the machine 2. Insulation of the conductor bundles 
1 6, and of the conductors 1 8 within the bundles, can be 
accomplished by the usual means known in the industry, 
for example, by wrapping with glass fibre tape or the like. 
[0023] Because the air gap winding arrangement 
causes almost all the magnetic flux to pass through the 
stator winding conductors 1 8, it is also necessary to min- 
imise the induction of eddy currents within the conduc- 
tors themselves, which would othenA^ise flow around the 
conductor cross section. Such eddy currents are mini- 
mized by forming each conductor 18 out of a large 
number of small diameter (say, 1mm) strands, each 
strand being coated with a lacquer to insulate it from 
neighbouring strands, as known in the industry. 
[0024] In the present embodiment, the entire stator 
winding 1 3 consists of a large number of individual con- 
ductor coils. The coils are constituted by the conductor 
bundles 16, each coil having 14 turns arranged in two 
tiers or layers 26, 28, each layer comprising the above- 
mentioned two columns of seven conductors. The con- 
ductors 18 are linear over their field-generating portion 
of length L (Fig. 1 ) where they pass through the air gap 
between stator core 1 4 and the rotor 4, but to make each 
coil (and in so doing to make connections between the 
layers) it is necessary to join the ends of the straight 
parts of the conductors together by means of loops 
called end-windings 34, which project axially substan- 
tially beyond the ends of the stator core 14. 
[0025] After forming and assembly of the conductor 
coils, including their end-windings, to the final and well- 
known "diamond" configuration required for the stator 
winding 13, they are subject to a vacuum pressure im- 
pregnation and curing process, as also well known in 
the Industry, to impregnate them throughout (including 
between the wire strands within conductors 1 8) with a 
suitable heat-resistant thermosetting resin. This In- 
creases the insulation and mechanical strength of the 
winding and prevents penetration of the winding by cor- 
rosive atmospheric constituents, such as oxygen and 
water vapour. The vacuum impregnation process may 
be carried out at the most convenient time during man- 
ufacture of the machine, as exemplified below. 
[0026] An insulating spacer layer 30 is Inserted be- 
tween radially adjacent conductor bundles 1 6 during as- 
sembly of the stator winding to provide a clearance be- 
tween the layers 26, 28 and thereby allow for a greater 
thickness of insulation at the transition between the 
straight portions of the coils and the end windings 34. 
[0027] As will further be seen from Figures 2A and 2B, 
the conductor bundles 1 6 in their two layers 26 and 28 
are held in position and supported by a number of non- 
magnetic support "teeth" or struts 20A, 208, respective- 
ly, which replace the laminated iron "teeth" between 
which stator windings would normally be held in a ma- 
chine having a lesser magnetic flux density. As will be 
appreciated from the Figures, the conductor bundles 16 



6 

and their supports 20A, 208 extend axially, tying sub- 
stantially parallel to the longitudinal axis C. 
[0028] Because winding 1 3 is an air gap winding, the 
conductor bundles 1 6 must be able to able to react the 
5 torque created by the Interaction of the electro-magnetic 
fields of the rotor and stator. The supports 20 A, 20 B 
therefore supplement the mechanical strength of the 
resin impregnated winding. 

[0029] As will be seen from Figure 2A, the conductor 

10 bundles 16 in layer 26 are in radial and axial alignment 
with the conductor bundles in layer 28 and the supports 
20A in layer 26 and 20B in layer 28 are likewise in radial 
and axial alignment with each other. However, the con- 
ductor bundles 16 in each layer 26, 28 have rectangular 

IS sections and also have the same dimensions, and there- 
fore to effect intimate contact between the supports 20A, 
208 and the conductor bundles 1 6 over the radial extent 
of the stator winding it is necessary for the supports to 
taper in the radial direction from a maximum width at the 

20 radially outer circumference of the stator winding to a 
minimum width at the radially inner circumference of the 
stator winding. This accommodates the increased cir- 
cumferential spacing between adjacent conductor bun- 
dies at the radially outer circumference of the stator 

25 winding relative to their spacing at its inner circumfer- 
ence. 

[0030] It should be noticed that the supports 20A in 
the inner layer 26 are radially longer than the conductor 
bundles 16 by a certain amount, whereas the supports 
30 20B in the outermost layer 28 are radially shorter than 
the conductor bundles 1 6 by the same amou nt. The sup- 
ports 20A in layer 26 therefore extend radially outwards 
between the field-generating portions of the coils In the 
adjacent layer 28. Therefore, as seen in radial section, 
35 the interface region between layers 26 and 28 has a cas- 
tellated appearance. In this way the two layers 26, 28 
are keyed together or interlocked to react the induced 
rotor torque more effectively. The skilled person will of 
course realise that variations in this interiocking design 
40 are possible. For instance, layer 26 could be provided 
with the radially shorter supports and layer 28 could 
have the radially longer ones, or radially longer and 
shorter supports could be alternated in both layers in 
complementary fashion to produce a two-step castella- 
ns tion. Alternatively, only selected of the supports in either 
row could be made radially longer or shorter than the 
conductor bundles, the other supports being the same 
radial length as the bundles. As a further alternative, it 
may be possible to produce a non-magnetic two-layer 
50 stator core structure of adequate strength without hav- 
ing a castellated interface between the two layers. In this 
case, all the supports in the two layers could have the 
same radial extent as their adjacent conductor bundles, 
and the core structure would simply rely on the strength 
55 of, e.g., a thermosetting resin or other high temperature 
adhesive bond at the interface between the two layers. 
[0031] Yet another stator winding strengthening fea- 
ture of the illustrated embodiment is shown In Figure 2A. 
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As shown by the dashed lines, it would be possible to 
make the radially outer end 36 of sonne or all of supports 
20B extend radially outwards Into nnatching axially ex- 
tending grooves provided in the inner su rface of the sta- 
ler core 14, thereby providing an interlocked castellated 
interface between stator winding 13 and statorcore 14 
for reaction of the induced rotor torque. 
[0032] Due to its high power density, the physical size 
of the illustrated machine is smaller than machines of 
lower power density with the same rating. Consequent- 
ly, there is a reduced surface area for cooling. The in- 
vention makes use of the absence of magnetic iron teeth 
to provide an efficient stator cooling system. Because 
the stator support teeth or struts 20A, 20B are needed 
only to separate and support the coils, the supports can 
be made in the form of hollow shells as shown in Figures 
2A and 2B, the supports being open at axially opposed 
ends of the stator, thereby creating axially extending 
open-ended channels 24 along and through which a 
cooling medium can pass. It is pretended that the sup- 
ports 20A and 208 are made of a suitable glass-fiber (or 
perhaps graphite-fiber) reinforced composite material. 
A suitable wall thickness for the supports is of the order 
of 2 mm. The supports may be fabricated from a glass- 
reinforced composite material. Alternatively, the sup- 
ports may be fabricated from a non-magnetic material 
that is also a good thermal conductor. However, this Is 
not essential because the surface area of the supports 
through which heat transfer can occur can be made 
large enough to provide sufficient cooling. 
[0033] As seen in Figure 1 , the tank 12 which enclos- 
es the stator 5 Is divided by the stator into a coolant inlet 
manifold 38 and a coolant outlet manifold 40. The end 
windings 34 extend into the manifolds. A coolant inlet 
42 is provided at a top or radially outer region of the inlet 
manifold 38 and a coolant outlet 44 is provided at a bot- 
tom or radially Inner region of the outlet manifold 40. To 
ensure an equal cooling effect over all parts of the end 
windings 34 in the inlet manifold 38, coolant from inlet 
42 enters the inlet manifold via a toroidal ring 45 which 
extends around the intemal circumference of the mani- 
fold. The wall of toroid 45 has a large number of holes 
therethrough, the holes being spaced around the inter- 
nal circumference of the manifold so that coolant is 
evenly distributed over the end windings. Baffles 46 are 
provided to prevent flow stagnation in the corners of the 
inlet and outlet manifolds and to smooth the flow of cool- 
ant Into and out of the stator coolant channels 24A, 24B 
provided by the supports 20A, 20B. A further baffle or 
weir 50 is provided to ensure the end-windings 34 are 
fully immersed in the coolant as it flows past them to 
cool them by direct contact with their external insulation. 
[0034] In use, a coolant, in this case an inert insulating 
liquid coolant is pumped into the inlet manifold 38 via 
the liquid inlet 42. A preferred coolant is Midel 7131™, 
which is manufactured by M&l Materials Ltd. This fluid 
Is nomially used for transformer cooling and has a spe- 
cific heat capacity of 2100 Jkg■^K•^ about half that of 



water. An inert coolant is preferred to water because of 
the inherent corrosion and electrbal risks associated 
with water The pressure created by the pumping caus- 
es the liquid to flow through the supports 20A, 208 to 

5 the outlet manifold 40. As the liquid passes through the 
supports 20 heat transfer occurs and heat is removed 
from the conductors 18 within the conductor bundles 16, 
thus the conductors are cooled. Once the liquid has 
reached the outlet manifold it passes over the weir 50 

10 and is pumped out of the liq uid outlet 44. It is then cooled 
in a suitable heat exchanger before being passed to the 
liquid inlet 42 to restart the cycle. 
[0035] By cooling in accordance with the invention to 
maintain a low temperature in the stator winding, elec- 

15 tricai efficiency is increased since losses in the winding 
wilt be reduced due to the lower resistivity of copper at 
lower temperatures. 

[0036] Alternative coolants may be used if desired, if 
the cooling duty to be performed by them Is matched to 
20 their cooling capacities; e.g., pressurized air, or other 
gases, or water, 

[0037] Alternative designs of cooling channel may be 
used, e.g., the supports 20A, 20B may be closed at their 
ends instead of open and narrow channels (again open 

25 at both ends of the stator to communfcate with the cool- 
ant inlet and outlet manifolds) may be created at the in- 
terfaces of the conductor bundles and the supports by 
inserting axially extending spacer strips therebetween. 
Consequently, the coolant would make direct contact 

30 with the outer Insulation of the conductor bundles 16. 
facilitating more efficient cooling of the stator winding. 
[0038] Figure 3 Illustrates the most preferred embod- 
iment of the invention, which uses the above-mentioned 
principle of direct contact of the coolant with the outer 

35 insulation 322 of the rectangular conductor bundles 316. 
Once again, the turns of the electrfcal coils of the stator 
are arranged in two tiers 326, 328 and the conductors 
318 within the bundles 316 are rectangular The coils/ 
conductor bundles are constructed generally in the 

40 same way as for the first embodiment, but this time each 
bundle consist of eighteen conductors, arranged in two 
columns of nine, to facilitate the production of higher 
power than the first embodiment. 
[0039] Interposed between adjacent coils, and in sup- 

45 portive sealing contact with both tiers of coils, are axially 
and radially extending support teeth or struts 320, which 
differ significantly from the support struts of Figures 1 
and 2. 

[0040] Firstly, to achieve stiffness and strength, the 
50 support struts 320 are of unitary solid construction 
(though they could have an internal void if such a con- 
struction would be sufficiently stiff and strong) and ex- 
tend without joints or division from the inside circumfer- 
ence of the statorcore 314 almost to the Inner interior 
55 circumference of the annular fluid-tight tank 312 which 
encloses the stator. In the present case it is envisaged 
that they are moulded from a suitable glass- or graphite- 
fiber reinforced composite material for reasons of 
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strength and toughness. 

[0041 J Secondly, the radially outer ends of all the sup- 
port struts 320 are formed as "dovetails" 335 when seen 
in cross-section and are housed in complementarily 
shaped grooves or channels 336 which extend axially 
along the internal diameter of the stator core. This pro- 
duces a circumferentially stepped or castellated inter- 
face between the winding assembly and the core 314 
which reacts the torque from the windings and stiffens 
the winding assembly. 

[0042] Thirdly, each side of each support strut 320 is 
provided with moulded-in depressions or grooves 323 
in the external surfaces of the supports. Together with 
the external surfaces of the straight conductor portions 
of the coils, the supports thereby define channels 324 
for the flow of coolant therealong in direct contact with 
the insulation 322 of the conductor bundles. The depres- 
sions 323 are shown as having a smoothly curved con- 
cave cross-section in the radial direction = rather than 
having internal corners, to avoid over-stressing any part 
of the supports 320. In Figure 3, two channels 324 are 
defined between each linear conductor portion and each 
adjacent support, though more or less channels may be 
provided, as deemed necessary to adequately remove 
heat from the conductor bundles. 
[0043] To allow for thennal expansion of the tiers 326, 
326 of the stator coils during operation of the machine 
at high power, a small clearance X, of the order of one 
to two millimetres, is provided between the outer circum- 
ference of the tank 31 2 and the radially inner circumfer- 
ence of the stator winding assembly. Insulating spacers 
330 are provided between the two tiers 326, 328 of the 
winding and further insulating spacers 331 are provided 
between the radially outer tier 328 and the stator core 
314. 

[0044] Referring again to Figures 1 and 2, assembly 
of the stator 5 of this embodiment from its component 
parts will be described and in this connection a further 
feature should be noted from Figure 2B. To aid joining 
of the conductor bundles 1 6 to their supports 20A during 
assembly of the stator winding, and to increase the 
strength of the assembled winding, the supports 20A are 
provided with notches or recesses 32 at several equally 
spaced locations along their axial lengths. At these lo- 
cations, the recesses reduce the radial dimension of the 
supports 20A to that of the circumferentially adjacent 
conductor bundle 16, so facilitating wrapping of glass 
fibre tape 33 or the like around both items to bind them 
together. The inner layer of supports 20A can be taped 
to their conductor bundles before the conductor bundles 
are assembled with their end-windings to form the colls. 
Once this has been done, the outer layer of supports 
20B can be slid into place. It will of course be understood 
that the supports 20A, 20B and the coils of the stator 
winding 13 in their two layers are assembled together 
to form a stator winding assembly before the winding is 
united with the stator core 14 to produce the complete 
stator 5. 



[0045] On the other hand, the preferred stator winding 
assembly of Figure 3 can be produced by simply assem- 
bling the coils and then sliding the supports 320 into 
place between the conductors 31 6. 

5 [0046] The rest of the assembly process is the same 
for the embodiments of both Figures 2 and 3, but will be 
described by Identifying the reference numerals of Fig- 
ure 1 only. Once having fully assembled the stator wind- 
ing 13, the laminated stator core 14 is built around it. 

10 The laminations comprise thin (say, less than 1mm 
thick) low loss electrical sheet steel pre-coated with in- 
sulation on both sides. The laminations are manufac- 
tured as segments of rings and formed into a number of 
packs of laminations, these being assembled onto the 

15 stator winding 13 to form full rings. The core is held to- 
gether by welding heated tie bars (not shown) down the 
backs of the laminations. These tie bars are then welded 
to a steel compression plate annulus 52 provided at 
each axially opposed end of the stator core. The tie bars 

20 contract when cool and act as springs to maintain full 
contact between the laminations over the life of the ma- 
chine. 

[0047] Once the stator core has been assembled onto 
the completed stator winding, the entire stator 5 is then 

25 passed through the vacuum pressure resin impregna- 
tion and curing process which completes the stator 
winding insulation process and bonds the stator assem- 
bly together. Subsequently, the stator enclosure 12 can 
be built around the stator 5. 

30 [0048] Although the illustrated embodiments of the in- 
vention have a winding in which the coils occupy two 
layers, the skilled person will realise that it is possible 
to provide a winding which has only one layer. Such a 
single layer winding could potentially give a higher spe- 

35 cif ic power output. However, if high phase and pole num- 
bers are to be used, as is desirable for enhanced flexi- 
bility and control of the machine, the end winding Inter- 
connections for a single layerwinding would become too 
bulky, resulting in an increase in the overall machine di- 

40 ameter. 

[0049] Although the illustrated embodiment particu- 
larly relates to an electric motor, the stator construction 
described could also be applied to generators. 

45 

Claims 

1 . A stator (5) for an air gap electrical machine (2), the 
stator comprising: 

50 

an outer annular laminated stator core (14) co- 
axial with a longitudinal axis (C) of the machine, 
a stator winding (13) inside the stator core and 
comprising a plurality of coils having linear con- 
55 ductor portions (1 6), and 

a plurality of supports (20A, 208) for the coils, 
the supports extending alongside the linear 
conductor portions of the coils, 
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wherein the supports are fabricated from a non- 
magnetic nnaterial and each support is interposed 
between and In contact with two adjacent ones of 
the linear conductor portions (1 6) of the coils, at 
least some of the supports defining channels (24A, 
24B) for the flow of coolant therealong, thereby to 
extract heat from the coils. 

2. A stater according to claim 1 Jn which substantially 
all the supports define channels for the flow of cool- 
ant therealong. 

3. A stator according to claim 1 or claim 2 , In which the 
non-magnetic material from which the supports are 
fabricated is non-metallic. 

4. A stator according to any preceding claim, in which 

the supports provide support and cooling for the 
coils over substantially all of the linear conductor 
portions of the coils. 

5. A stator according to any preceding claim, in which 
the coolant flow channels (24A, 24B) are defined 
internally of the supports. 

6. A stator according to any one of claims 1 to 4, in 
which the coolant flow channels (324) are defined 
externally of the supports. 

7. A stator according to claim 5, in which the supports 
(20A, 20B) comprise hollow shells whose walls form 
the boundaries of the channel, whereby during op- 
eration of the machine heat is conducted from the 
coils (1 6), through the walls and into coolant flowing 
through the supports. 

8. A stator according to claim 6, in which the channels 
(324) are defined between the external surfaces of 
the supports and the extemal surfaces (322) of the 
coils, whereby during operation of the machine heat 
Is transferred directly from the coils Into coolant 
flowing in the channels without passing through an 
intermediate wall. 

9. A stator according to claim 8, in which the linear 
conductor portions of the colls are supported from 
the supports through spacers provided between the 
supports and the linear conductor portions, the 
boundaries of the coolant channels being defined 
between the spacers and confronting faces of the 
linear conductor portions of the colls and the sup- 
ports. 

10. A stator according to claim 8, in which the channels 
(324) comprise at least one depression (323) in 
each coil-contacting surface of the support (320), 
the at least one depression extending longitudinally 
of the support, boundaries of the coolant flow chan- 



nels thereby being defined by depressed parts of 
the external surfaces of the supports and the exter- 
nal surfaces (322) of the coils. 

5 1 1 . A stator according to claim 1 0, in which the depres- 
sions in the coil-contacting surfaces of the supports 
are of smoothly curved concave form when seen in 
a section which is transverse of their longitudinal ex- 
tents. 

10 

12. A stator according to any one of claims 9 to 1 1 , in 
which at least two channels (324) are defined be- 
tween each linear conductor portion (16) and each 

adjacent support (320). 

15 

1 3. A stator according to any preceding claim, in which 
coolant inlet and outlet manifolds (38, 40) commu- 
nicate with respective opposed ends of the chan- 
nels to facilitate the passing of coolant through the 

20 channels. 

14. A stator according to claim 13, in which the coils 
include end windings (34) to connect the linear con- 
ductor portions (16) of the coils to each other, the 

25 end windings lying in the inlet and outlet manifolds 
(38. 40) so that the same cooling fluid cools the end 
windings and the linear conductor portions of the 
coils. 

30 15. A stator according to any preceding claim, in which 
the stator winding (13) has two layers (26, 28) of the 
linear conductor portions (1 6) of the coils, compris- 
ing respectively a radially inner layer (26) and a ra- 
dially outer layer (28). 

35 

16. A stator according to claim 15, in which end-wind- 
ings (34) comprise connections between the two 
layers (26, 28) of stator windings. 

40 1 7. A stator according to claim 1 5 or claim 1 6^ in which 
to provide mechanical strength, the two layers of 
stator windings are keyed together at a castellated 
interface between two corresponding layers (20A, 
20B) of supports. 

45 

18. A stator according to claim 17, in which the castel- 
lations comprise supports {20A. 20B) having differ- 
ing radial extents such that at least some of the sup- 
ports in at least one of the layers (26) extend be- 
so tween the linear conductor portions (16) in the ad- 
jacent layer (28). 

19. A stator according to any preceding claim^ in which 
the stator winding (13) is keyed to the stator core 

55 (14) at a castellated interface therebetween, in that 
the radially outer ends (36) of at least some of the 
supports (20B) adjacent the stator core extend ra- 
dially beyond the linear conductor portions of the 
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coils into matching axially extending grooves pro- 
vided in the stator core. 

20. A stator according to any preceding claim, in which 
the linear conductor portions (16) of the coils are 5 
provided by rectangular bundles of conductors (1 8), 
the rectangular bundles having their major dimen- 
sions extending in the radial direction. 

21. A stator according to claim 20, In which the conduc- io 
tors (18) within the bundles are of rectangular shape 
and are formed from small diameter wires, the wires 
being insulated from each other within the conduc- 
tors. 

15 

22. A stator according to any preceding claim, in which 
the supports comprise a fibre-reinforced composite 
material. 

23. An electric motor or generator having a stator ac- 20 
cording to any preceding claim. 

24. A method of cooling the stator of an air gap electrical 
machine, comprising the step of passing coolant 
through channels at least partly defined by non- 25 
magnetic material supports located between and in 
contact with adjacent linear conductor portions of 
coils comprising a stator winding of the machine. 

25. A method according to claim 24, further comprising 30 
the step of passing the coolant over end-windings 

of the stator winding before and atter it is passed 
through the channels. 



40 
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